Partially purified FBPase of B. ftavum exhibited Michaelis-Menten kinetics, with Kmof 22 jim for Fl, 6P2, but was inhibited by its substrate, Fl, 6P2, at more than 30j/m. The inhibition reached 76% at 1.0mM. FBPase was also competitively inhibited by AMP, SI, 7P2, and S7P, the inhibitor constants being 32, 23, and 170/im, respectively. The presence of SI, 7P2 in B.flavum was suggested by the presence of ATP-dependent S7P kinase and SI, 7P2 aldolase activities, which corresponded to 27 and 89 % of the 6PFK and Fl, 6P2 aldolase activities, respectively. Transaldolase activity involved in S7P formation was also detected in cell-free extracts. Partially purified PGI showedKmsof 1.4 and 0.54 mMin the forward and reverse directions, respectively and was inhibited by E4P. The inhibition was of the mixed type with respect to G6P, with K\ and Ki' of 32 and 260 jim, respectively. None of the metabolites tested inhibited TK. Whereas the specific activities of PGI and 6PFKwere not affected by carbon sources in the culture medium, those of FBPase, 1PFK, and TKwere elevated 2.6, 2.6, and 1.7-fold on growth on acetate, fructose, and citrate, respectively.
E4P is synthesized through the TKreaction from F6P, an intermediate in glycolysis (Fig. 1) . In the preliminary experiment, TK activity was not significantly affected by E4P or related metabolites, suggesting the possible regulation of PGI, which catalyzes the formation of F6P in glycolysis. The synthesis of E4P via the pentose phosphate pathway and its regulation were also possible, although this is a minor pathway in the glucose metabolism in this bacterium.3) However, previous studies4'5* showed that G6PDHand 6-phosphogluconate dehydrogenase in this pathway are mainly regulated by NADPH, phosphoribosylpyrophosphate, and some of the glycolytic intermediates.
The synthesis of E4P from fructose requires (1), PGI; (2), TK; (3). FBPase; (4), 6PFK; (5), 1PFK.-j<=> , inhibition.
Abbreviations: FBPase, fructose bisphosphatase; PGI, phosphoglucoisornerase; TK, transketolase; 1 or 6PFK, 1-or 6-phosphofructokinase; G6PDH,glucose-6-phosphate dehydrogenase; Fl or 6P, fructose 1-or 6-phosphate; F1,6P2, fructose 1,6- This paper deals with the regulatory properties ofTK, PGI, and FBPase in B.flavum, and reports feedback inhibition of PGI by E4P, and ofFBPase by S7P and SI, 7P2, as well as strong inhibition of FBPase by AMP.
Materials and Methods
Organism and culture media. Brevibacterium flavum No. 2247 (ATCC 14067) was used. The compositions of Medium404) and 417) were given in previous papers.
Chemicals. Fl, 6P2, F6P, G6P, NADP, G6PDH (yeast), PGI (yeast), and a mixture of triosephosphate isomerase and glycerol-3-phosphate dehydrogenase (rabbit muscle) were purchased from Boehringer Mannheim. SI , 7P2, S7P, AMP, and E4P were from Sigma Chemical Co. Other chemicals used, see Table I, were purchased from Sigma   Chemical Co., Boehringer Mannheim, or ICN Pharmaceuticals.
Enzyme preparations.
FBPase: cells of strain No. 2247 cultured at 30°C for 24hr in Medium 40 containing acetic acid as a carbon source were harvested, washed twice with 0.2% KC1, suspended in 0.1 m Tris-HCl buffer, pH 7.5, and then sonically disrupted at lOkc for 20min. The supernatant solution of the sonicate obtained on centrifugation at 100,000xg for 60min was applied on a hydroxyapatite column (1.5x 15cm; Bio-Rad Bio-Gel HT) equilibrated with 0.05m Tris-HCl buffer, pH 7.5, containing l mMMnCl2 and 10mMMgCl2. The column was washed with 25ml of the same buffer. FBPase was eluted with a potassium phosphate concentration gradient, which was formed with 1 10ml of the same buffer and that containing 0.2m potassium phosphate. Fractions of 2ml were collected. Fraction Nos. 56 to 58 were pooled and passed through a Sephadex G-25 column (1.5 x 10cm) equilibrated with 0.05 MTris-HCl buffer, pH 7.5, containing lmM MnCl2 and 10mMMgCl2, in order to remove inorganic phosphate. PGI: The supernatant solution of the sonicate obtained above was applied on a DEAE cellulose column (2.5 x21 cm; Whatman DE-52) equilibrated with 0.05m Tris-HCl buffer, pH 7.5. The column was washed with 100ml of the same buffer. The enzyme was eluted with a KC1 concentration gradient, which was formed with 500ml of the same buffer and that containing 0.5 m KC1.
Fractions of 8ml were collected. Fraction Nos. 82 to 84 were pooled. TK:The supernatant solution of the sonicate prepared from cells of strain No. 2247 grown for 24hr in Medium 40 containing citric acid as a carbon source was passed through a Sephadex G-25 column (1.5 x 10cm) equilibrated with 0.05m Tris-HCl buffer, pH 7.5, and used as the TKpreparation.
Enzymeassays. FBPase was assayed by masuring F6P formed, as described previously.6) The reaction mixture contained 0.05m Tris-HCl buffer, pH 8.5, 0.03mM Fl, 6P2, 15mM MgCl2, 0.5mM NADP+, 5/xg of G6PDH, 10^g ofPGI, and the enzyme, in a total volume of0.5ml. The reaction was initiated by the addition of the enzyme and the formation of NADPHwas followed by measuring the increase in absorbance at 340nm with a Gil ford 2600 Spectrophotometer at room temperature (ca. 23°C). FBPase was assayed by measuring the liberation of inorganic phosphate from Fl, 6P2 using the same reaction mixture except for the omission of NADP+and coupling enzymeswhenindicated. The reaction was stopped after lOmin incubation at 30°C by the addition of 0.25ml of 10% trichloroacetic acid and the precipitate was removed by centrifugation.
The amount of inorganic phosphate in the supernatant was determined by the method of Chen et al.8) PGI in the forward direction (from G6P to F6P) was colorimetrically assayed by determining F6P formed in the reaction mixture. The reaction mixture contained 0.05 m Tris-HCl buffer, pH 8.0, 4mMG6P, and the enzyme, in a total volume of 0.5ml. The reaction was stopped after 5min incubation at 30°C by the addition of 2.0ml of the reagent of Roe.9) After 10min incubation at 80°C, the absorbance at 405nmwas measured. PGI in the reverse direction (from F6P to G6P) was assayed spectrophotometrically by following the reduction of NADP+at 340 nmin the presence of G6PDH. The reaction mixture was the same as that for the forward direction except that 4mMF6P, 5mMMgCl2, 0.5mM NADP+, and 5/ig of G6PDHwere added instead of G6P. The reaction was started by the addition of the enzyme and the formation of NADPHwas monitored at 340nm. TKwas assayed by measuring glyceraldehyde 3-phosphate formed. The reaction mixture contained 50mM Tris-HCl buffer, pH 7.5, 0.24mM NADH, 0.01 mM thiamine pyrophosphate, 1.0mM MgCl2, 0.5mM Xu5P, 0.5mM R5P, 20fig of the mixture of triosephosphate isomerase and glycerol-3-phosphate dehydrogenase, and the enzyme, in a total volume of 0.5ml. The reaction was started by the addition of the enzyme and the decrease in NADHwas monitored at 340nm.
Transaldolase was assayed by measuring glyceraldehyde 3-phosphate formed. The reaction mixture contained 50mM Tris-HCl buffer, pH 7.5, 5mM EDTA, 0.5mM E4P, 4.0mM F6P, 0.2mM NADH,20/jg of the mixture of triosephosphate isomerase and glycerol-3-phosphate dehy-drogenase, and the enzyme, in a total volume of 0.5ml. The reaction was carried out as for the TKassay.
1PFK, 6PFK, and the amount of protein were assayed by the methods described previously.6)
Results
General properties offructose bisphosphatase, phosphoglucoisomerase, and transketolase FBPaseactivity was almost completely lost during DEAE-cellulose column chromatography under similar conditions to those for PGI purification given later. This seems due to the action of KC1in the column buffer, which strongly inhibited FBPase activity. However, when FBPase was stored in Tris-HCl buffer, pH 7.5, at a low concentration (1.5mg protein/ml) at 5°C for 24hr, it was fairly stable and only 9% of the original activity was lost. It was further stabilized by the presence of1 mMMn2+and lOmMMg2+. The addition of ammoniumsulfate and KC1enhanced the inactivation during storage. Therefore, the enzyme was partially purified, 4.6-fold with a 43% yield, by hydroxyapatite column chromatography in the presence of Mn2+ and Mg2+. The resultant preparation did not contain aldolase, PGI, or TK activity at all. On the other hand, PGI activity was quite stable in the presence of KC1. The enzyme was partially purified by DEAE-cellulose column chromatography, in which it was eluted with 0.27m KC1 and purified 4.3-fold, with a 31% yield. This preparation did not contain aldolase, FBPase, or TKactivity. The properties of both the enzymes were examined using these partial purified preparations.
FBPase required Mg2+as a co factor for its activity.
The activity became maximumat more than 5mMMg2+. PGI did not require any co factor. The optimum pHs of the FBPase and PGI reactions were 8.5 with Tris-HCl buffer and 8.0 with either Tris-HCl or TES-NaOH buffer, respectively. Figure 2 shows double reciprocal plots of the FBPasereaction rate against the substrate concentration. The plots gave a straight line at lower substrate concentrations, indicating that FBPase was assayed under the standard conditions except that Tris-HCl buffer, pH 8.0, and the indicated concentrations of Fl, 6P2 were used. netics. Kmwith respect to FBPwas estimated to be 22jum. The activity was inhibited by the substrate at more than 30/jm, 76% at 1 him Fl, 6P2, which was estimated by extrapolation of the linear plots at lower concentrations. Figure 3 shows double reciprocal plots of the PGI reaction rate against the substrate concentration. The plots in both the forward and reverse directions gave straight lines. Kms with respect to G6Pand F6P were estimated to be 1.4 and 0.54mM, respectively, showing the higher affinity of the enzymefor F6P. Double reciprocal plots of the TKreaction rate against the substrate concentration gave a straight line and apparent Kmswith respect to Xu5P and R5P were estimated to be 0.ll and 1.2mM in the presence of 1.2mM R5P and FBPase was assayed under the conditions given in Fig.  2 , except that the concentration of F1,6P2 was 0.02mM. PGI was assayed under the conditions in Fig. 3 , except that the concentration ofG6P or F6P was 1.4 or 0.54mM, respectively. TKwas assayed under the standard conditions, except that the concentrations of Xu5Pand R5P were 0. FBPase (A) and PGI in the forward direction (B) were assayed under the sameconditions those in Table I except for the substrate concentrations and the following additions.
To the assay mixture, 0.5mM S7P (A, -#-), E4P (B, -A-) , or nothing (-O-) was added.
cator for the energy charge, F6P, the reaction product, and SI, 7P2. Among them, AMP, SI, 7P2, and S7P showed strong inhibition, 99, 98, and 98%, respectively. It was also inhibited by glyceraldehyde 3-phosphate, GTP, and GDP. On the other hand, PGI was inhibited 93% by 1 mME4P. Amongother metabolites tested, ribulose 5-phosphate and 6-phosphogluconate showed weak inhibitory effects. Figure 4 shows the effects of the inhibitor concentrations on the enzyme activities.
FBPase was completely inhibited by AMP, SI, 7P2, and S7P at more than 1mM, and their concentrations giving 50% inhibition were estimated to be 45, 60, and 370jxm, respectively. On the contrary, the inhibition ofPGI by E4P
was not complete, but reached 95% at maximum. The concentration of E4P giving 50% inhibition was 90 jjm. These results suggest the operation of these inhibitions in vivo. From double reciprocal plots of the reaction rate against the substrate concentrations in the Table II , S7P-dependent ADP formation from ATPwas observed in cell-free extracts, suggesting the presence of S7P kinase activity, which forms SI, 7P2 from S7P and ATP. The activity corresponded to 27% of the F6P-dependent 6PFK activity. The activity of aldolase, which catalyzes the reversible SI, 7P2
formation from E4P and triose phosphate, was As shown in Table I , TKactivity was not significantly inhibited by any of the metabolites tested. The activity was slightly enhanced by E4P, suggesting that the enzyme catalyzed the formation of glyceraldehyde 3-phosphate from E4P as a substrate. Table III shows the effects of carbon sources in the mediumon the activities of FBPase, PGI, TK, 6PFK, and 1PFK. The specific activities of PGI and 6PFKwere scarcely affected by the carbon sources. However, when grown on acetate or fructose as a carbon source, FBPase and 1PFK showed 2.6-and 2.6-fold higher activity than when grown on the other carbon sources, indicating the induction of these enzymesby acetate and fructose, respectively. This also suggests that FBPase and 1PFK play important roles in gluconeogenesis and fructose metabolism, respectively. TK activity was also elevated 1.5 and 1.7-fold on growth on acetate and citrate, respectively.
Regulation of enzyme synthesis

Discussion
FBPase of B.flavum was found to be strongly inhibited by AMP, Fl, 6P2, S7P, and SI, 7P2 in the present study (Fig. 1 On the other hand, the inhibition ofPGI by E4Pwould be regarded as a means of feedback control of E4P biosynthesis in glucose metabolism. This inhibition does not seem to disturb the central metabolism of glucose, if F6P, the product of the PGI reaction, is in equilibrium with E4P via the TKreaction. PGI of yeast14) has been reported to be inhibited by E4P. Moreover, 6-phosphogluconate, ribulose 5-phosphate, and R5P are also potent inhibitors in this microorganism. Their inhibitions were competitive with respect to the substrate, unlike that of the B.flavum enzyme, and the yeast enzyme was highly senstive to the E4P inhibition (Ki, 2 fjM).15)
The production of L-phenylalanine by a B. flavum mutant was seriously reduced when it wascultured on fructose as a carbon source, compared with on glucose, whereas that of lglutamic acid was not.16'17) This seems due to the different regulation of the synthesis of E4P, one of the precusors of L-phenylalanine biosynthesis in fructose metabolism. Contrary to this, L-glutamic acid biosynthesis does not require E4P as a precursor. Thus, the reduction in L-phenylalanine production on cultivation on fructose can be attributed to the following. When fructose as well as glucose is actively catabolized, the intracellular concentrations of AMP and Fl, 6P2 seem to be elevated. As they are strong inhibitors of FBPase, it is very likely that the concentration of F6P stays at a low level and the metabolic flow from F6P towards E4P is reduced.
